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Bacterial flagellar switching between counterclock-
wise and clockwise directions is mediated by the
coupling of the chemotactic system and the motor
switch complex. The conformational changes of
FliG are closely associated with this switching mech-
anism. We present two crystal structures of FliGMC
from Helicobacter pylori, each showing distinct
domain orientations from previously solved struc-
tures. A 180 rotation of the charged ridge-containing
C-terminal subdomain FliGCa1–6 that is prompted by
the rotational freedom of Met245 psi and Phe246
phi at the MFXF motif was revealed. Studies on the
swarming and swimming behavior of Escherichia
coli mutants further identified the importance of the
245MFXF248 motif and a highly conserved residue,
Asn216, in motor switching. Additionally, multiple
conformations of FliGCa1–6 were demonstrated by
intramolecular cysteine crosslinking. The conforma-
tional flexibility of FliGc leads us to propose a model
that accounts for the symmetrical torque generation
process and for the dynamics of the motor.
INTRODUCTION
The rotation of the bacterial flagellum is driven by a unique
bidirectional motor that allows bacteria to respond to envi-
ronmental stimuli. For most bacteria, like Escherichia coli and
Salmonella typhimurium, there are two distinct swimming behav-
iors. A bacterium runs when the motor turns counterclockwise
(CCW), and tumbles when it rotates in a clockwise (CW) direc-
tion. By reducing the tumbling frequency, bacterium can swim
across the concentration gradient and move toward attractants
(Berg and Brown, 1972; Macnab and Koshland, 1972). The core
of the rotary device is composed of a transmembrane stator
MotA4B2 complex and a rotor formed by rings of protein oligo-
mers (Kojima and Blair, 2004). Attachment of the rotor to the
membrane starts with the assembly of 26 copies of FliF, followed
by 26 copies of FliG, 34 copies of FliM, and 100 copies of FliNStructure 20, 31(Jones et al., 1990; Zhao et al., 1996; Thomas et al., 1999, 2001;
Suzuki et al., 2004). The latter three proteins constitute the
switch protein complex and form the C-ring structure in the
electron micrograph (EM) map of the flagellar rotor from
Salmonella (Thomas et al., 2006). The switch protein complex
is indispensable for torque generation, motor switching, and
flagellar biosynthesis. Previous studies using biochemical, bio-
physical, and genetics approaches have proposed a model for
flagellar rotation. Proton flow through the MotA4B2 complex
will neutralize a well-conserved aspartic residue on the trans-
membrane helix of MotB (Kojima and Blair, 2001). This proton
flow subsequently induces a conformational change of the cyto-
plasmic domain of the MotA, which exerts torque on the rotor.
Switching of the rotation between CCW and CW directions is
regulated by the binding of the chemotactic response regulator,
phosphorylated CheY, to FliM and FliN (Welch et al., 1993;
Sarkar et al., 2010). The binding is thought to alter the confor-
mation of the C-terminal domain of FliG, which electrostatically
interacts with the cytoplasmic loop of MotA (Zhou et al., 1998;
Brown et al., 2002). FliG, having one end exposed for stator
association and the other regions for FliM and other regulator
interaction (e.g., YcgR), plays a critical function in the flagellar
motor (Brown et al., 2007; Paul et al., 2010).
The crystal structure of full-length FliG recently resolved in
Aquifex aeolicus (AaFliG) reveals that the protein possesses
three domains, FliGN, FliGM, and FliGC (subscripts denote the
N-terminal, middle, and C-terminal domain, respectively), each
of which has specific interaction with other motor proteins (Lee
et al., 2010). FliGN is responsible for anchoring the whole switch
complex to FliF, whereas FliGM carries the conserved EHPQR
motif for FliM interaction that mediates the flagellar assembly
and rotational switching. FliGC is further divided into two subdo-
mains: an Armadillo repeat motif (ARMC) and a six-helix-fold
FliGCa1–6 at the N andC termini, respectively. ARMC is character-
ized by a conserved hydrophobic patch that was shown to bind
FliM (Brown et al., 2007; Gru¨nenfelder et al., 2003; Passmore
et al., 2008; Paul et al., 2011). Three conserved charged residues
in helix 5 of FliGCa1–6 interact complementarily with MotA and
participate in the stator-rotor association during torque genera-
tion (Zhou et al., 1998). Connections between the three FliG
domains are made by two 20 residue-long helices HelixNM
(for FliGN and FliGM) and HelixMC (for FliGN and FliGM). Three5–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 315
Figure 1. Structures of HpFliGMC1 and
HpFliGMC2
(A) Structures are displayed with ARMC in the
same orientation. The helices of ARMM, HelixMC,
ARMC, and FliGCa1–6 are shown in red, orange,
yellow, and green, respectively. The loops and the
truncated helix HelixNM are shown in white. The
critical charged residues involved in the direct
interaction with MotA and the conserved diglycine
motif in LoopC are highlighted as green and black
spheres, respectively.
(B) A structural comparison of HpFliGMC1 (green)
and HpFliGMC2/A (orange) demonstrating the
symmetrical rotation of FliGCa1–6 via the con-
formational flexibility of 245MF246. ARMC of the
structures is superimposed. Themolecular surface
of helix 5 of FliGCa1–6 is shown and colored by the
electrostatic potential with a contour level of ±5 kT
(Baker et al., 2001). The interface of ARMc-
FliGCa1–6 is enlarged, and residues M245, F246,
and N216 are shown as sticks. The residues of
HpFliGMC1 and HpFliGMC2 are labeled in green and
orange, respectively. The residues aligned in both
structures are labeled in black.
(C and D) The superimposition of ARMC for all the
FliG structures showed different backbone orien-
tations for 245MF246, leading to multiple orienta-
tions of the charged ridge. (C) Distinct hydrogen
bonds link the side chain of N216 and the back-
bone of 245MF246 in HpFliGMC1 (left) and other
FliG structures (right). The distances between the
side chain of N216 and the backbone amide of
F246 in HpFliGMC1 and the backbone carbonyl
of M245 in HpFliGMC2 are indicated. (D) FliGCa1–6
of HpFliGMC1 and helix 5 of FliGCa1–6 for all the
FliG structures are drawn (for HpFliGMC2, chain A
is shown as a representative). The equivalent
charged residues that are directly involved in the
interaction with MotA are colored in blue (R293)
and red (300EE301). Coloring scheme: HpFliGMC1,
green; HpFliGMC2/A, orange; HpFliGMC2/B, yellow;
TmFliGMC, magenta; TmFliGMCDPEV, light pink;
and AaFliG, cyan.
See also Figures S1 and S2.
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Helicobacter pylori FliG Structuresother loop regions related to switching were identified when
comparing the AaFliG with FliGMC from Thermotoga maritima
(TmFliGMC). They are: LoopM, which connects FliGM to HelixMC;
LoopC, which connects HelixMC to FliGC and carries the con-
served GlyGly motif; and the MFXF motif, which connects
ARMC to FliGCa1–6 (Figure 1A) (Brown et al., 2002; Lee et al.,
2010; Minamino et al., 2011). Rotational bias mutations have
been mapped onto these linker regions (Irikura et al., 1993;
Van Way et al., 2004), suggesting that the switching mechanism
does not localize in one specific region; rather, it may involve
a considerable structural movement of the FliG molecule. The
different structures identified for FliG represent a milestone
in understanding the architecture of the motor switch com-
plex; however, the subject of how FliG assembles a torque316 Structure 20, 315–325, February 8, 2012 ª2012 Elsevier Ltd All rights reservedring—and how it undergoes conforma-
tional changes during motor switching—
remains controversial.Flagellar rotation is a stepping motion involving 26 steps per
revolution in both CW and CCW rotation, despite the differences
in torque-speed relations (Sowa et al., 2005; Nakamura et al.,
2010; Yuan et al., 2010). It has been suggested that conforma-
tional change at the FliG C-terminal domain may be responsible
for the symmetrical rotation. The reasoning for this was that the
MotA4B2 complex with transmembrane helices would be less
mobile, and therefore structural changes would be less likely,
whereas the FliGC domain is relatively isolated in the crystal
structure and would be susceptible to molecular movement
(Nakamura et al., 2010). In this context, assuming each FliG
domain is a rigid body, the conformation of FliG in CW and
CCW rotation would then depend on the relative orientation of
individual domains connected by the flexible loop. To explain
Table 1. Data Collection and Refinement Statistics
HpFliGMC1
(Residues 86–343)
HpFliGMC2
(Residues 116–343)
Data collection
Space group P65 C2
Cell dimensions
a, b, c, A˚ 125.5, 125.5, 39.8 85.4, 102.6, 91.6
a, b, g,  90.0, 90.0, 120.0 90.0, 114.7, 90.0
Resolution, A˚a 41.07–2.6 (2.74-2.6) 30–2.7 (2.75–2.7)
Rmerge 0.084 (0.435) 0.090 (0.401)
I/sI 10.1 (3.7) 31.5 (4.6)
Completeness, % 99.8 (100.0) 100 (100)
Redundancy 4.5 (4.5) 7.3 (7.1)
Refinement
Resolution, A˚ 41.07–2.6 29.20–2.7
No. of reflections 11229 19547
Rwork/Rfree 20.00/24.67 19.43/23.83
No. of atoms
Protein 1,658 3,532
Water 20 51
Average B factors
Protein 69.20 56.99
Root mean square deviations
Bond lengths, A˚ 0.008 0.009
Bond angles,  0.981 1.084
Ramachandran plot 99.52/0.48/0 98.22/1.78/0
One crystal was used for each structure.
a Values given in parentheses are for highest-resolution shell.
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Helicobacter pylori FliG Structuresthe symmetrical rotation, Lee et al. (2010) suggested that
a switching model that coordinated the movement of HelixMC
and the MFXF motif would lead to the reverse arrangement of
charges in the C-terminal domain. The involvement of HelixMC
in the switching event was also highlighted in a study by
Minamino et al. (2011), as HelixMC was in a distinct orientation
in the crystal structure of the CW-biased DPAA deletion mutant.
It still remains unclear how an individual domain, in particular
FliGC, is reoriented during switching events.
Helicobacter pylori is a microaerophilic, Gram-negative bacte-
rium that inhabits the human gastric epithelial cells and mucus
layer. Long-term infection of H. pylori is related to gastric and
peptic ulcers as well as gastric lymphoma (Parsonnet et al.,
1991). Chemotaxis and the motility of H. pylori are important
for bacterial colonization and long-term infection in animal
models (McGee et al., 2005; Terry et al., 2005; Williams et al.,
2007). As in other enteric bacteria, deletion mutants of FliM
and FliG showed nonflagellate phenotypes (Allan et al., 2000).
Genetic and biochemical studies of FliM and FliG in H. pylori
suggest that these switch proteins exhibit similar functional roles
to their counterpart in E. coli (Allan et al., 2000; Lowenthal et al.,
2009; Lam et al., 2010).
In this study, we report on two FliG structures from H. pylori.
They are distinguished by a 180 molecular rotation of FliGC,
specifically subdomain FliGCa1–6, which was previously thought
to delineate the symmetrical torque generation process in
both CCW and CW directions. The biological importance of the
MFXF motif, which is required to hinge FliGCa1–6, is additionally
demonstrated by genetic studies. In addition, the existence of
multiple conformations of FliGC was shown by in vitro cysteine
crosslinking experiments. We propose the intrinsic flexibility of
the MFXF motif that leads to the multiple conformations of FliGC
is coupled to the switching mechanism.
RESULTS
Overall Crystal Structures of FliGMC from H. pylori
The crystal structures of two FliG fragments, HpFliGMC1 (resi-
dues 86–343) and HpFliGMC2 (residues 116–343), were resolved
to 2.6 A˚ and 2.7 A˚, respectively (Table 1). Phase determination by
molecular replacement was achieved only when the middle
domain and the two C-terminal subdomains of AaFliG (Protein
Data Bank [PDB] ID: 3HJL)/TmFliGMC (PDB ID: 1LKV) were
submitted separately as search models. Both HpFliGMC1 and
HpFliGMC2 consist of structural elements, starting with a short
HelixNM that is followed by FliGM (ARMM), HelixMC, ARMC, and
FliGCa1–6. Residues 86–117 of the N-terminal domain, residues
197–203 of LoopC, residues 336–343 of the C terminus of
HpFliGMC1, and residues 337–343 of HpFliGMC2 were disordered
and thus were excluded from the structural models. There is one
FliG molecule per asymmetric unit in HpFliGMC1, whereas two
molecules (HpFliGMC2/A and HpFliGMC2/B) are present per
asymmetric unit in HpFliGMC2. HpFliGMC2/A and HpFliGMC2/B
are similar, with a Ca root mean square distance (RMSDCa)
of 1.99 A˚ (Figure 1A). The superimposition of the individual
ARMM, ARMC, and FliGCa1–6 elements for all of the solved FliG
structures revealed subtle differences (Table S1 available on-
line), suggesting that these structural components are highly
conserved. Interestingly, when the complete FliG structuresStructure 20, 31were superimposed, variations in the orientations of FliGCa1–6
relative to ARMC and ARMC relative to FliGM are noticeable.
The details are discussed below.
A 2-Fold Rotation of FliGCa1–6 Hinged by the 245MFXF248
Motif
Significant conformational differences were found when the
C-terminal domains of the two HpFliGMC structures were com-
pared. Remarkably, when the ARMC structures are superim-
posed, FliGCa1–6 of HpFliGMC1 showed a nearly 180
 rotation
compared with that of HpFliGMC2 (Figure 1B). The charge-
bearing ridge of FliGCa1–6 coupled with the MotA cytoplasmic
domain was flipped by a 2-fold symmetry about an axis through
the Ca-C bond of M245. By analyzing the hinge between ARMC
and FliGCa1–6, the M245 psi angles in the two structures differ by
180, indicating that M245 of the 245MFXF248 motif accounted
for the subdomain rotation (Figure 1B). The superimposition of
the ARMC structures from TmFliGMC and AaFliG consistently
showed that the MFXF motif is highly flexible (Figure 1C and Fig-
ure S1). Notably, AaFliG differs from HpFliGMC2 by an78 rota-
tion of the F246 phi angle, while HpFliGMC1 differs from the other
structures by an 180 rotation of the M245 psi angle. This rota-
tion leads to the rigid body movement of FliGCa1–6 relative to
ARMC such that the charged ridge of AaFliG is arranged along
an axis, which is nearly perpendicular to HpFliGMC2. This places
the HpFliGMC1 in a unique ‘‘flipped’’ orientation relative to all the5–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 317
Figure 2. Superimposition of All Available FliG Structures Demon-
strating Flexibility at LoopM and LoopC
(A) The superimposition of the middle domain of HpFliGMC1 and HpFliGMC2/A.
The hydrophobic residues at the interface between HelixMC, ARMM, and
HelixNM are shown as sticks. Only residues from HpFliGMC1 are represented.
(B) The superimposition of themiddle domain of all the FliG structures showing
multiple arrangements of HelixMC.
(C) The flexibility of LoopC. The positions of the GG motif (equivalent residues
of the EGmotif in AaFliG) are shown as spheres. The colors follow the coloring
scheme described in Figure 1.
See also Figure S3 and Table S1.
Structure
Helicobacter pylori FliG Structuresother FliG structures (Figure 1D). We further examined the
hydrogen bond interactions around the MFXF motif that may
be associated with the relative stability of the conformation. In
HpFliGMC1, the side chain Od of N216 is hydrogen bonded to
the backbone amide of F246, while the side chain Nd of N216
is bonded to the backbone carbonyl of M245 in HpFliGMC2.
The latter hydrogen bond was also found in equivalent residues
of AaFliG and TmFliGMC (Figure 1C). Residue N216 appears to
position the MFXF motif and possibly mediate the respective
orientation of FliGCa1–6.
We noted that for all the FliG structures, the side chain of M245
is inserted into the hydrophobic pocket of ARMC, and the side
chain of F246 is inserted into the hydrophobic pocket of
FliGCa1–6. For the flanking residues, M244 is positioned at the
C-terminal end of helix 3 of ARMc, and the backbone of T247
is buried, close to the hydrophobic pocket of F246. Therefore,
rotation of M245 phi and F246 psi would not be expected (Fig-
ure S2). Otherwise, the protein structure would be disrupted.
This observation explains the association between the different
orientations of FliGCa1–6 and the M245 psi/F246 phi in the
MFXF motif. Taking into account that the rotational bias muta-
tions found in E. coli and S. typhimurium were mapped at, or
close to, the MFXF motif and on the ARMC-FliGCa1–6 interface
(Brown et al., 2007; Irikura et al., 1993), the flexibility of the
MFXF motif might be involved in the CCW/CW switching of
the rotor.
We analyzed the crystal packing of the two HpFliG structures.
For both structures, ARMC has a closed crystallographic contact
with the ARMM of another FliG molecule to form a superhelix,
as shown previously in the A. aeolicus and T. maritima FliG
structures (Brown et al., 2002; Lee et al., 2010; Minamino
et al., 2011). For the C-terminal domain, a different crystal con-
tact of FliGCa1–6 and FliGM(symmetry) was found in HpFliGMC1
and HpFliGMC2. For HpFliGMC1, the crystal contact is localized
on both sides of FliGCa1–6, specifically on helix 2, with the
C-terminal tail on one side and the loop connecting helix 5-6
on the opposite side. HpFliGMC2 showed a similar crystal con-
tact, but it involved only helix 2 and the C-terminal tail. Interest-
ingly, the crystal contact of the other available FliG structures
(Brown et al., 2002; Lee et al., 2010; Minamino et al., 2011) is
localized in helix 3 and helix 5. Taken together, we do not find
any direct correlation between the crystal contact and the orien-
tation of FliG. However, as demonstrated by our other experi-
ments, different orientations of FliGCa1–6 are associated with
the flexible MFXF motif. The crystal packing probably contrib-
utes to the stability of the conformations.
Interdomain Flexibility of ARMC and FliGM
The conformations of the middle domains of the two FliG struc-
tures from H. pylori are nearly identical (RMSDCa = 0.379 A˚).
HelixMC is packed closely to FliGM by extensive hydrophobic
interactions between the residues in HelixNM, HelixMC, and FliGM.
The following residues are included: F119, Y121, and L122 in
HelixNM; V183, V184, V187, L191, L195, and L198 in HelixMC;
and I125, L130, F133, I134, L144, I145, M149, and I179 in the
middle domain (Figure 2A). The conformation closely resembles
that of AaFliG and TmFliGM cocrystallized with FliMM, although
HelixMC is slightly farther from FliGM in HpFliG, possibly due to
F119 and Y121 in HelixNM being closely packed with HelixMC318 Structure 20, 315–325, February 8, 2012 ª2012 Elsevier Ltd All r(Lee et al., 2010; Paul et al., 2011). In contrast, HelixMC dissoci-
ates from FliGM in both TmFliGMC and TmFliGMCDPEV, raising
the possibility that the closed conformation is stabilized by theights reserved
Structure
Helicobacter pylori FliG Structurescrystal contact (Brown et al., 2002; Minamino et al., 2011) (Fig-
ure 2B). As previously reported, HelixMC is amphipathic in nature,
with the hydrophobic residues facing ARMM and the charged
residues exposed to the solvent environment (Lee et al., 2010).
A closely packed arrangement of HelixMC, stabilized by FliMM,
was observed in the FliGM-FliMM cocrystallized structure from
T. maritima (Paul et al., 2011). Hence, the HelixMC-FliGM interac-
tion is more likely to be biologically relevant among different
bacterial species.
The structural superimposition of FliG also suggests that
LoopC, which carries the conserved Gly-Gly motif, is highly
mobile. In Figure 2C, the ARMC elements of all of the FliG struc-
tures are superimposed to compare the arrangement of HelixMC.
The LoopC of the HpFliG structures is more extended than that
from TmFliGMC and AaFliG. Seven solvent-exposed amino acids
in the LoopC of HpFliGMC1 are disordered. Some displacement of
HelixMC from the HpFliGMC2/A and HpFliGMC2/B structures was
also observed, suggesting that LoopC is flexible, as previously
shown (Brown et al., 2002; Lee et al., 2010; Minamino et al.,
2011). Genetic studies also demonstrated that rotationally
biased or infrequent switching mutations were mapped to
LoopC, once again reflecting that LoopC may be critical in con-
trolling the orientation of FliGM relative to FliGC (Brown et al.,
2002; Irikura et al., 1993; Van Way et al., 2004).
Biological Importance of the MFXF Motif in Flagellar
Motor Switching
The 180 opposite orientation of FliGCa1–6 observed in the
HpFliGMC1 structure implies that the structural flexibility of the
MFXF motif is critical for flagellar motor switching. To test our
hypothesis, we mutated conserved residues on, or around, the
MFXF motif in E. coli and studied their effects on bacterial swim-
ming. These residues include M245, F246, N216, and D250
(equivalent to residues M233, F234, N204, and N238, respec-
tively, in E. coli). The latter two residues are hydrogen bonded
to the backbone of the MFXF motif (Figure 3A). E. coli FliG
mutants (N204A/D/V/H, N238A, M233P, F234P, and a M233P/
F234P double mutation) were constructed. The immunoblotting
results showed that the expression level of each FliG mutant
was comparable to that of the wild-type in the DFB225 strain
(Figure 3B). From the results of swarming assays, the N204A/
D and F234P mutant strains showed significant impairment in
soft-agar migration, while the N204V/H and N238A mutant
strains displayed swarming activity that was similar to that of
the wild-type. The substitution of methionine with proline at
residue 233 abolished bacterial motility, as demonstrated in
the M233P and M233P/F234P mutant strains (Figure 3C and
Table 2). The effect of these mutations on flagella formation
was also examined by transmission electron microscopy (Fig-
ure 3D). The M233P and M233P/F234P mutant strains were
nonflagellate. As observed in the FliG crystal structures, the
side chain of M233 is embedded in a hydrophobic pocket of
ARMC and may contribute to the structural stability of this sub-
domain. The mutation of M233 to proline probably induced
a dramatic structural change to the MFXF hinge that either low-
ered the stability of ARMC or distorted the orientation of the
C-terminal domain to inhibit its interaction with FliM in motor
switch assembly and the attachment of the flagella export
apparatus.Structure 20, 31To further refine our hypothesis about the association of the
MFXF motif with the switching mechanism, the effect of these
mutations on rotational switching in E. coli was studied by
fixed-time diffusion analysis. This assay is based on modeling
the swimming behavior of a bacterium to that of particle diffusion
(Lowenthal et al., 2009). Basically, the diffusion exponent a
measures how close the swimming behavior is to pure diffusion
(a = 1). A tumbling bacteriumwill have an a value close to 1, while
a bacterium that moves relatively straight will have an a value
close to 2. This model has been applied to examine directional
changes of E. coli (Lowenthal et al., 2009). From our results,
mutations N204H, N204V, and N238A had no influence on swim-
ming behavior when compared to the wild-type. However, a
tumbling bias was found in mutant strains N204A, N204D, and
F234P (Table 2). These results are consistent with the ob-
servations from the video tracking of the swimming path (Fig-
ure 3E). The overall results from fixed-time diffusion analysis
agree with the swarming data. A previous study reported that
the F234A mutation caused a severe tumbling bias (Lloyd and
Blair, 1997). This finding is very similar to the phenotype of the
F234P mutant. The increased tumbling frequency of N204A/D
and F234P suggests that these mutations lead to various
degrees of CW rotational bias of the rotor, while N204H/V and
N238A had no significant effect on rotational switching.
Verification of Multiple Orientations of FliGC by In Vitro
Cysteine Crosslinking
A comparison of all of the solved FliG structures revealed that
MFXF-linked FliGCa1–6 can be in different orientations relative
to ARMC. The previous section described the physiological
significance of the MFXF motif and its flexibility in rota-
tional switching. We next investigated the presence of multiple
orientations of FliGCa1–6 in solution by intramolecular cysteine
crosslinking.
In the crystal structures, Q325 in FliGCa1–6 was found to be
in close proximity to two residues in ARMC, R217 in FliGMC1
(4.21 A˚), and E243 in FliGMC2 (4.31 A˚) (Figure 4A). The equivalent
residue of Q325 is replaced by arginine in A. aeolicus (R316) and
T. maritima (R315). The arginine residues from both structures
form hydrogen bonds that bridge FliGCa1–6 and ARMC (Lee
et al., 2010; Brown et al., 2002), but Q325 in H. pylori is not
involved in hydrogen bond formation. We introduced double
cysteine residues in FliG, one at Q325 and the other in one of
the helices of ARMC. Four double-cysteine mutants (Q325C/
R209C, Q325C/R217C, Q325C/S222C, and Q325C/E243C)
were created, and a single-cysteine mutant (Q325C) was used
as a control. It was expected that, if theMFXFmotif is intrinsically
flexible, then FliGCa1–6 will be oriented differently and an intra-
molecular disulfide linkage will be observed in these double-
cysteine mutants. For instance, the crosslinking of Q325-R217
andQ325-E243 will be observed if the HpFliGMC1 and HpFliGMC2
structural conformations exist in solution, respectively. As shown
in Figure 4B, all four double-cysteine mutants exhibited mobility
shifts in SDS-PAGE after crosslinking by the addition of the cata-
lyst Cu (II) (1,10-phenanthroline)3, suggesting that intramolecular
disulfide linkages were formed. Mutants Q325C/R209C and
Q325C/S222C showed a prominent downward shift, while a
small quantity of the Q325C/R217C mutant showed a slight
downward band shift (Figure 4B). A complete upward shift of5–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 319
Figure 3. Effects of FliGMutations onSwim-
ming Behavior
(A) Conservation of FliG amino acid sequences.
Sequences from 50 microbial species were ana-
lyzed by Consurf (http://consurf.tau.ac.il/) (Glaser
et al., 2003). Only the FliGC domain of HpFliGMC2/A
is shown, and the regions in proximity to the MFXF
motif are highlighted (inset). The residues related
to the stability of the MFXF motif are shown as
sticks. The hydrogen bond distances between
N216 and M245, as well as D250 and T247, are
shown. The residues are numbered according
to H. pylori (equivalent residues in E. coli are
bracketed).
(B) Expression of wild-type FliG and its various
mutants in DFB225. Whole cell lysate was im-
munoblotted with anti-FliG antibody.
(C) Soft agar assay. One microliter of an overnight
culture of cells was spotted on 0.3% soft agar and
incubated at 30C for 7 hr.
(D) An electron micrograph of E. coli showing
flagellar formation in the wild-type and F234P
strains. TheM233PandM233P/F234Pstrainswere
found to be nonflagellate. The flagella are indicated
by red arrows. Representative results are shown.
(E) Swimming tracks of complemented strains
used in the calculation of the diffusion coefficient.
Four-second swimming tracks are plotted using
the same scale.
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Helicobacter pylori FliG StructuresQ325C/E243C upon oxidation was observed. No mobility shift
was found in the control mutant Q325C.
An alternative approach was applied to examine the intra-
crosslinking product with fluorescent 5-iodoacetamidofluores-
cein (5-IAF) to probe for free cysteine residues (Bass et al.,
2007). If the cysteines are crosslinked, then they will be pro-
tected from haloalkylation by 5-IAF. This protection will lead to
a reduced fluorescence signal. As shown in Figure 4C, all four
double mutants showed a reduction in the fluorescence intensity
upon 5-IAF haloalkylation. Additionally, the intradisulfide bond
formation of Q325C/R209C and Q325C/E243C double-cysteine320 Structure 20, 315–325, February 8, 2012 ª2012 Elsevier Ltd All rights reservedmutants was verified by mass spectrom-
etry (data not shown). Taken together,
these data strongly suggest that the
MFXF motif is intrinsically flexible to allow
multiple orientations of FliGCa1–6 in solu-
tion. Based on the HpFliGMC2 structure,
Q325 is close to E243 (Cb-Cb distance:
6.1 A˚) but is distant from R217 and
S222 (Cb-Cb distance: >20 A˚) (Figure 4A).
Q325 and R217 are near each other
(Cb-Cb distance: 6.7 A˚) in HpFliGMC1. If
FliGCa1–6 is restricted to one orientation,
then certain double-cysteine mutations
should not be able to form intradisulfide
crosslinkages.
DISCUSSION
The bacterial flagellar motor is an unique
bidirectional nanorotary machine pow-ered by a proton/sodium ion gradient across the cell membrane.
For the proton-driven MotA4B2 stator, torque generation in-
volves protonation and deprotonation of an aspartic acid residue
in MotB and the association of MotA with FliG (Kojima and Blair,
2001; Zhou et al., 1998). Accumulating evidence has shown that
the C-terminal domain of FliG bearing conserved charged resi-
dues R293, E300, and E301 (in H. pylori) is the primary site for
electrostatic interaction with the cytoplasmic region of MotA
(Zhou et al., 1998). The rotational switching between the CCW
and CW directions is mediated by the coupling of a chemotactic
signaling pathway with the motor switch complex (Welch
Figure 4. Molecular Movement of FliGCa1–6 Revealed by In Vitro
Cysteine Crosslinking
(A) Cysteine residues are introduced at the interface between ARMC and
helix 6 of FliGCa1–6 of HpFliGMC1 (green) and HpFliGMC2 (yellow). The ARMC
elements of the two structures are aligned. The residues mutated to cysteine
are shown as sticks. Only residues on HpFliGMC1 are shown, except Q325 of
HpFliGMC2, which is also indicated.
(B) Gel mobility shift assays. After crosslinking, the samples were added with
loading dye with or without 20 mM DTT and subjected to a 16 3 18 cm 11%
SDS-PAGE analysis.
(C) Haloalkylation by 5-IAF. Samples with (R) or without (C) Cu (II) (1,10-
phenanthroline)3 were loaded onto an 8 3 7.3 cm SDS-PAGE gel. After elec-
trophoresis, the gel was immediately visualized under a UV transilluminator
(upper panel) followed by staining with Coomassie blue (lower panel). The
experiments were repeated four times, and representative images are shown.
Table 2. Summary of the Effects of FliG Mutations on Swarming
and Swimming Behavior
Strain Diameter, cm Diffusion Coefficient
Wild-type 2.32 ± 0.23 (n = 6) 1.7533 ± 0.0182 (n>50)
N204A 0.68 ± 0.06 (n = 6) 1.3238 ± 0.0148 (n = 23)
N204V 2.43 ± 0.2 (n = 6) 1.6897 ± 0.0040 (n = 29)
N204D 1.22 ± 0.04 (n = 6) 1.5112 ± 0.0125 (n = 37)
N204H 2.14 ± 0.13 (n = 6) 1.7501 ± 0.0174 (n = 35)
N238A 1.95 ± 0.29 (n = 6) 1.7709 ± 0.0171 (n = >50)
F234P 0.51 ± 0.09 (n = 4) 1.2876 ± 0.0163 (n = 33)
M233P 0.3 (n = 4) —
M233PF234P 0.3 (n = 4) —
DfliG 0.3 (n = 10) —
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Helicobacter pylori FliG Structureset al., 1993). The binding of phosphorylated CheY to FliM/FliN
induces conformational changes in FliG and subsequently alters
the flagellar rotation from CCW to CW direction (Sarkar et al.,
2010; Brown et al., 2002). One of the interesting aspects of
the flagellar motor is the mechanical movement of FliG that is
associated with rotational switching.
The comparison of multiple FliG structures previously
revealed that the flexible MFXF motif can lead to molecular rota-
tion of the FliGCa1–6 subdomain. The two FliG structures pre-
sented here further extend the observation that FliGCa1–6 can
be rotated by 180 relative to ARMC, prompted by flipping the
M245 psi angle. This finding corresponds with our in vitro cross-
linking assays, which showed that Q325 at FliGCa1–6 can be
crosslinked with multiple distinct sites on ARMC in solution.
The rotational movement of FliGC has also been suggested by
previous studies using in vivo double cysteine crosslinking
(Lowder et al., 2005). Oxidation by iodine results in a crosslink-
age between the two FliG molecules via 309KIK311 at the loop
connecting helices 5-6 of FliGCa1–6. However, it is not yet under-
stood how the arrangement of the FliGC moieties in the rotor
produces the results. A model of rotor architecture in E. coli
has recently been proposed based on genetics, in vivo cross-
linking and electromicroscopy studies (Paul et al., 2011). The
upper part of the C-ring structure is composed of 26 FliGs
and 34 FliMs. The FliGMs are located in the inner globule of
the C-ring in the EM map, while the FliGCs are in the outer
globule. Because FliM can directly bind to FliGM and FliGC, it
is proposed that eight molecules of FliM bind to FliGM, while
the remaining 26 FliMs bind to FliGC. Therefore, the 26 FliGC
molecules at the outer globule attain a local 34-fold symmetry,
and each is separated by a distance of 40 A˚. Accordingly,
we docked the HpFliGMC1 structure to the EM map (Thomas
et al., 2006). As FliGCa1–6 can undergo molecular rotation via
the flexible MFXF motif, 309KIK311 from the adjacent FliGC
molecules will be brought within crosslinking distance if one
molecule switches between HpFliGMC1-HpFliGMC2 (by rota-
tion of M245 psi) and the neighboring molecule undergoes
HpFliGMC2-AaFliG (by rotation of F246 phi) conformational tran-
sitions (Figure 5A). Based on Paul et al.’s model that the move-
ment of FliGCa1–6 at the outer ring is not restricted by the neigh-
boring moieties, multiple conformations of FliGCa1–6 in the motor
assembly are expected.Structure 20, 31The orientation of the charged ridge on FliGCa1–6 determines
the direction of the torque applied on the rotor. Earlier muta-
genesis studies showed that mutations of residues at the
MFXF motif (M233I from S. typhimurium and F232A and
L235W from E. coli, corresponding to M245, F246, and T247,
respectively, in H. pylori) and at the interface between FliGCa1–6
and ARMC (R313S/H from S. typhimurium, corresponding to
Q325 in H. pylori) resulted in a CW-biased rotation (Brown
et al., 2007; Irikura et al., 1993; Lloyd and Blair, 1997) (Figure S3).
These mutations may alter the upper part of FliGC relative to
the lower part and therefore reorient the charged ridge in
those species. In all of the FliG structures, the side chain of
the highly conserved N216 is hydrogen bonded to the back-
bone of the MFXF motif (i.e., the Od of N216 is bonded to the
backbone –NH of F246 in HpFliGMC1, and Nd of N216 is bonded5–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 321
Figure 5. Models of Rotational Movement of FliGC
(A) Two FliGC domains are docked to the EM map (not
shown) as discussed in the text, and HpFliGMC2 is
morphed into the conformations of HpFliGMC1 (left) and
AaFliG (right). The morphed structures are colored from
blue to white (HpFliGMC2 to HpFliGMC1) and from red to
yellow (HpFliGMC2 to AaFliG). The conformational flexibility
of the adjacent FliGC molecule allows 309KIK311 (magenta
sphere) to be within crosslinking distance. Key charge
residues, which are important for interactions with MotA,
are shown as blue (R293) and red (300EE301) spheres.
Morphing was performed using Chimera (Pettersen et al.,
2004).
(B) Model of symmetrical torque generation process.
Proposed orientation of FliGC in CCW (left) and CW (right)
states viewed from the inner C-ring. The transmembrane
helices of theMotA4B2 complex are adopted andmodified
from Kim et al. (2008). Only helices 2 (cyan) and 3
(magenta) that are close to the transmembrane helix of
MotB (yellow) are shown. The cytoplasmic domains con-
necting helices 2 and 3 that contain conserved charged
residues for the FliGC interaction are shaded in blue. The
positive and negative charges are labeled as + and ,
respectively. The molecular surfaces of FliGCa1–6 and
ARMC are shown in cyan and orange, respectively. The
critical charges for MotA interaction are labeled in blue
(R293) and red (300EE301).
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Helicobacter pylori FliG Structuresto the backbone C=O of M245 in HpFliGMC2/TmFliGMC/AaFliG)
(Figure 2B). A mutation at N216 would probably alter the
245MF246 backbone rotational movement. We mutated N216 to
amino acids with different charge properties (Asp, Val, Ala, and
His) and studied their effects on swimming. Two of the muta-
tions, N216A and N216D, showed a CW rotational bias. The
results from our mutagenesis and swimming assays further
support the model that the orientations of the charged ridge
influenced by the MFXF motif are critical to motor switching.
Mutants N216V and N216H showed wild-type swarming and
swimming behavior. We speculate that substitution by valine or
histidine at residue 216 may be stabilized by R217 (L205 in
E. coli) and E213 (E201 in E. coli), respectively, such that the local
environment of the MFXF motif would not be significantly
affected. Given the importance of a rotatable FliGCa1–6 in switch-
ing, one may expect that affecting the movement of FliGCa1–6
would lead to a rotational bias. Interestingly, a recent study
has identified the c-di-GMP binding protein YcgR that directly
binds to FliGCa1–6 and causes a CCW rotational bias. The binding
of YcgR reduced the 309KIK311 crosslinked product (Paul et al.,322 Structure 20, 315–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved2010). From our proposed model, the interac-
tion of YcgR and FliGCa1–6 possibly hinders
the flexibility of the C-terminal domain and
therefore the interconversion between different
conformations.
Recent studies have found that a conforma-
tional change at the HelixMC is also responsible
for rotational bias (Lee et al., 2010; Minamino
et al., 2011; Brown et al., 2007). It has been pro-
posed that motor switching involves a CheY-
mediated conformational change of FliM, which
alters the relative movement of FliGC to FliGM
connected by HelixMC and LoopC (Brown et al., 2007; Paul
et al., 2011). Although the way in which the relative domain
movement is related to the rotational bias remains unknown,
the movement induced by FliM could be transmitted through
ARMC to disturb the FliGCa1–6 – ARMC interface. This disruption
increases the probability of FliGCa1–6 being in the CWorientation.
Consistent with our switching model, rotational bias mutations
have been identified at the FliGM-HelixMC interface, LoopC, two
distinct FliM-FliG interfaces near the EHPQR motif, and the
conserved hydrophobic patch of FliG (Figure S3) (Brown et al.,
2007; Paul et al., 2011; Irikura et al., 1993; Van Way et al., 2004).
Nakamura et al. (2010) recently proposed that the symmetrical
torque generation process in the CCW and CW directions may
be a result of a 180 rotation of the C-terminal domain of FliG
such that the same molecular surface—but in an opposite orien-
tation–is displayed to MotA. To the best of our knowledge, the
two FliG crystal structures presented here provide, for the
first time, the 2-fold rotation of the FliGC domain and insights
into the underlying switching mechanism. Although the struc-
ture of MotA4B2 remains unresolved, the organization of the
Structure
Helicobacter pylori FliG Structurestransmembrane segments based on cysteine crosslinking
experiments has been modeled (Kim et al., 2008). The two pairs
of MotA subunits, which are directly involved in forming two
proton channels with the MotB dimer, are related to each other
by 2-fold symmetry. The cytoplasmic region between the
transmembrane helices a2 and a3, bearing oppositely charged
residues for FliGC interaction, probably follows the same sym-
metrical relationship, such that only one of the MotA domains
will correctly align with the electrostatically charged residues
on FliGC (Figure 5B). When FliGC changes conformation by
rotating M245 psi by 180, MotA4B2 would switch to utilize the
opposite MotA subunit for the FliG interaction to allow symmet-
rical torque generation in a CW/CCW direction. The model pro-
posed here is compatible with the recent assembly model and
further explains how symmetrical bidirectional rotation of FliG
can be achieved by rotation at the MFXF motif (Paul et al., 2011).
An alternative model to explain the reverse of the electrostatic
charge of FliGC in torque generation has been proposed by the
coordination of the ‘‘open’’ and ‘‘closed’’ forms of HelixMC-FliGM
and by the rotations of M245 psi by 26 and F246 phi by 78
(Lee et al., 2010). Considering all the available FliG structures, we
have not observed any simple correlation between HelixMC and
the MFXF motif. Instead, HpFliGMC1 and HpFliGMC2 are identical
in the middle domain, but they differ in FliGCa1–6 by a 180

rotation, indicating that there may not be any direct mechanical
relationship between the two structural elements. Their model
was based on the assumption that the ARMM-ARMC interaction
is involved in FliG assembly, which is not supported by recent
in vivo studies (Paul et al., 2011).
The dynamics of the flagellar motor imply that there is a need
for the turnover of specific components (e.g., FliM and FliN) and
structural flexibility of the multidomain-containing components
(Delalez et al., 2010; Fukuoka et al., 2010). These requirements
make this biological rotary device fascinating, but more chal-
lenging to understand. In summary, the analysis of the structural
and molecular genetics presented here demonstrates the high
conservation of the individual structural domain of FliG and pro-
vides the mechanistic details of the intrinsic flexibility of FliGC,
that may indicate new directions for future research to unravel
the molecular basis of motor switching.EXPERIMENTAL PROCEDURES
Strains and Plasmids
The FliG, FliGMC1 (residues 86-343), and FliGMC2 (residues 116–343) fragments
were amplified from H. pylori strain 26695 genomic DNA (ATCC). FliG and
FliGMC2 were cloned into the BamHI and SalI sites of vector pGEX-6p-1, while
FliGMC1 was cloned into pAC28 (Kholod and Mustelin, 2001). FliG from E. coli
(EcFliG) was amplified from strain RP437 (a gift from J. S. Parkinson) genomic
DNA and cloned into the pTrc99a vector for complementation. The construc-
tion of the FliG mutants for cysteine crosslinking and in vivo assays was
performed using the QuikChange site-directed mutagenesis kit (Stratagene
Corp., La Jolla, CA) according to the manufacturer’s protocol. All the se-
quences were verified by a commercial sequencing service (BGI). For comple-
mentation, pTrc99a-EcFliG and its various mutants were individually trans-
formed into E. coli DfliG strain DFB225 (gifts from D. Blair) (Lloyd et al., 1996).
Protein Expression and Purification
The pAC28m-FliGMC1, pGEX-FliGMC2 and -FliGmutants were transformed into
E. coli strain BL21(DE3), and protein expression was induced when the OD600
reached 0.4–0.6 with 0.3 mM isopropyl-beta-D-thiogalactopyranoside (IPTG).Structure 20, 31The cells were cultured overnight at 20C–25C. The proteins were purified by
affinity chromatography and gel filtration using a standard protocol with some
modifications (Xu and Au, 2005). After gel filtration, His6FliGMC1 was eluted
with 500 mM NaCl, 10 mM Tris (pH 7.5), 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.2 mM benzamidine. pGEX-FliGMC2 was eluted with 300 mM
NaCl, 20 mM imidazole, 20 mM HEPES (pH 7.5), 0.5 mM EDTA, 2 mM dithio-
threitol (DTT), 0.2 mM PMSF, and 0.2 mM benzamidine. The pGEX-FliG
mutants (Q325C, Q325C/R209C, Q325C/R217C, Q325C/E243C) were eluted
with 150 mM NaCl, 20 mM HEPES (pH 7.3), 6 mM DTT, 0.2 mM PMSF, and
0.2 mM benzamidine.
Crystallization and Data Collection
Crystals of FliGMC1 were obtained under conditions of 0.1 M ammonium
sulfate, 0.3 M sodium formate, 0.1 M Tris (pH 7.8), 1% PGA, and 7%
PEG8000 at 20C using the sitting drop method. Hexagonal-shaped crystals
grew to full size after approximately 1 week. The crystals were soaked briefly
in crystallization buffer containing 20% glycerol and were cooled by plunging
into liquid nitrogen.
Crystals of FliGMC2 were obtained under the conditions of 0.1 M HEPES
(pH 7.5), 10% PEG6000, and 0.02 M spermidine (4:1) at 16C using the sitting
drop method. The crystals were soaked briefly in a cryoprotectant with 15%
2-methyl-2,4-pentanediol.
Structure Determination and Refinement
The 2.6 A˚ FliGMC1 and 2.7 A˚ FliGMC2 X-ray datasets were collected with beam-
line BL17U at the Shanghai Synchrotron Radiation Facility. The datasets were
processed using the HKL2000 and iMosflm packages (Otwinowski and Minor,
1997; Leslie, 1992) and were scaled and reduced with SCALA from the Collab-
orative Computational Project, Number 4 (CCP4) suite (Collaborative Compu-
tational Project, Number 4, 1994). Crystals of FliGMC1 and FliGMC2 were in the
P65 and C2 space groups, respectively. The two structures were solved by
molecular replacement using FliG from A. aeolicus (PDB ID: 3HJL) as a search
model. Themolecular replacement programPhaser (McCoy et al., 2005), in the
CCP4 suite, was used with data in the resolution range 15–2.8 A˚. Initial model
building was performed by ARP/wARP (Langer et al., 2008). Rounds of refine-
ments and manual rebuilding were performed using the programs REFMAC,
COOT, and Phenix (Adams et al., 2010; Emsley et al., 2010). Statistics for
data collection and refinement are summarized in Table 1. The coordinates
of FliGMC1 and FliGMC2 have been deposited in the Protein Data Bank (PDB
ID: 3USW and 3USY). Figures were prepared using PyMol (DeLano, 2002).
Morph structures were calculated using the UCSF Chimera package from
the Resource for Biocomputing, Visualization, and Informatics at the University
of California, San Francisco (Pettersen et al., 2004)
Swarming Assay
E. coli DfliG strain DFB225, transformed with wild-type or mutant pTrc99a-
EcFliG, was grown overnight in LBmedium. A 1 ml cell suspension was spotted
onto 0.3% tryptone broth (TB) soft agar with 0.05 mM IPTG and ampicillin
(100 mg/ml). The diameter of the chemotactic ring was measured after incuba-
tion at 30C for 7 hr.
Swimming Assay
To examine swimming behavior, an overnight culture of the transformed
DFB225 was diluted with 1:50 TB medium. The cells were allowed to grow
at 30C for 1.5 hr when 0.05 mM IPTG was added for induction. The cells
were further grown to the exponential phase (OD600 = 0.4–0.6). The cells
were pelleted and washed twice with chemotaxis buffer (10 mM sodium phos-
phate [pH 7.0], 0.05 mM EDTA, 1 mM methionine) and diluted to OD600 0.1.
The swimming behavior was examined with a phase contrast-inverted micro-
scope (Olympus IX71) to collect 10 s videos at a frame rate of 15 frames/s and
a resolution of 1,360 3 1,024 pixels. The bacterial swimming behavior was
analyzed by the software ImagePro Plus. The center-of-area (centroid) of
each bacterium for each frame was automatically determined and connected
to form a track. The X and Y positions of the centroid were recorded, and
smoothing was applied to correct for fluctuating signals due to translational
motion of the bacterium or subtle errors in recognizing the positions. Immotile
cells or cells with abnormal behavior were manually discarded. The XY posi-
tions of the tracks were exported into an Excel spreadsheet. The tracks5–325, February 8, 2012 ª2012 Elsevier Ltd All rights reserved 323
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Helicobacter pylori FliG Structureswere further sorted by mean velocity, and the top and bottom 10% were dis-
carded to eliminate the outlier cells. The tracks were then analyzed by the
fixed-time diffusion method (Lowenthal et al., 2009). Briefly, the tracks were
truncated into 4 s. All the (X(t), Y(t)) positions were subtracted by (X(0), Y(0))
so that all the tracks appeared to start from the same origin (0, 0). The coordi-
nates were transformed to polar coordinates (r(t), q(t)), and the mean square
radius < R2(t) > for each time point was calculated. The diffusion exponent
awas determined from the slope by plotting log < R2(t) > against log(t) accord-
ing to the equation < R2(t) > = Dta, where D is the diffusion constant.
Electron Microscopy
The examination of flagellation was performed using cells grown in liquid
culture. After washing, the cells were fixed with a fixative (2.5% glutaralde-
hyde, 2% paraformaldehyde, 50 mM sodium cacodylate [pH 6.5]). The fixed
cells were attached to the carbon-coated grid (SPI Supplies) by floating the
grid on a drop of cell suspension. The attached cells were stained with 1%
phosphotungstate. Flagella formation was examined by a Tecnai 12 Biotwin
transmission electron microscope (FEI/Philips).
Immunoblotting
The cells were grown as described above. Protein expression was checked by
immunoblotting using a polyclonal anti-FliG antibody (Antibody Production
Service, The Chinese University of Hong Kong).
In Vitro Cysteine Crosslinking
The purified protein samples were exchanged with a buffer (50mMHEPES [pH
8.0], 150 mM NaC1) to remove DTT. To start the crosslinking reaction, FliG
single (Q325C) or double mutants (Q325C/R209C, Q325C/R217C, Q325C/
S222C,Q325C/E243C) at a protein concentration of 0.2mg/ml were incubated
with 0.5 mM Cu2+ (phenanthroline) in the same buffer at 4C for 30 min. To
quench the reaction, 10 mM EDTA and 20 mM NEM were added and incu-
bated for 10 min. As a control, 10 mM EDTA and 20 mM NEM were added
at the start of the reaction without any Cu2+ phenanthroline. For haloalkylation
of the free cysteines, the reactions were set as described above but were
stopped by the addition of 10 mM EDTA. Each reaction mixture was further
incubated with 500 mM 50-IAF (Sigma) at pH 7.4 at room temperature for
2 hr. The samples were boiled for 5 min and subjected to SDS-PAGE analysis.
ACCESSION NUMBERS
Structures have been deposited in the Protein Data Bank under accession
codes 3USW and 3USY.
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